Introduction {#s1}
============

Coronary atherosclerosis is an important risk factor for coronary heart disease. The rupture of coronary plaques and subsequent formation of thrombi induce sudden cardiac events \[[@r1], [@r9], [@r15]\]. These symptoms are called acute coronary syndromes. At many ruptured sites, the fibrous cap covering the large lipid core was found to be thin, and inflammatory cells was found to have infiltrated the thin fibrous cap \[[@r18], [@r32], [@r35]\]. At the thin fibrous cap, macrophages express matrix metalloproteinases (MMPs), which hydrolyze collagen fibers \[[@r3], [@r15], [@r17]\]. Therefore, MMP-positive coronary lesions are regarded as vulnerable plaques \[[@r7], [@r8], [@r15], [@r17]\]. Furthermore, high MMP levels in plasma have potential as a marker for acute coronary syndromes \[[@r7]\]. Consequently, MMPs are regarded as important factors for assessing the fragility of plaques. Although previous studies reported the expression of MMP in atherosclerotic lesions, few pertinent animal models currently exist for investigating the role of MMP-positive macrophages in coronary plaque growth and destabilization \[[@r17]\]. In order to promote studies on coronary plaque rupture and acute coronary syndromes, it is important to develop pertinent animal models with coronary lesions resembling human coronary plaques.

At Kobe University, we developed the Watanabe heritable hyperlipidemic (WHHL) rabbit \[[@r20], [@r37]\], which exhibits hypercholesterolemia due to a deficiency of low-density lipoprotein (LDL) receptors \[[@r20], [@r29], [@r39]\]. We subsequently developed an improved strain with severe coronary atherosclerosis and myocardial infarction (the WHHLMI rabbit) \[[@r25]\]. Since there are few animal models for coronary plaques, aortic lesions in mice or rabbits have been used in studies on atherosclerosis. We previously demonstrated that the composition of aortic lesions markedly differed from those of coronary lesions in WHHL rabbits \[[@r24]\]. However, no detailed studies about age-dependent changes in coronary lesions of WHHLMI rabbits have been reported until now. It is very important in animal models to clarify these properties.

In the present study, we examined coronary atherosclerotic lesions in WHHLMI rabbits histopathologically and immunohistologically in order to establish whether the WHHLMI rabbit is a suitable animal model for human coronary atherosclerosis.

Materials and Methods {#s2}
=====================

Animals
-------

We used 187 WHHLMI rabbits aged 10--29 months old to examine coronary lesions ([Table 1](#tbl_001){ref-type="table"}Table 1.Background data of WHHLMI rabbitsAll rabbits examinedRabbits that died suddenlyRabbits euthanizedFemaleMaleSacrificedSadden deathFemaleMaleFemaleMaleNumber of rabbits examined113741078064164958Serum lipid levels (mmol/l) at 6 months old (187 rabbits)Total cholesterol32.4 ± 0.431.8 ± 0.6*P*=0.41431.4 ± 0.433.3 ± 0.5*P*=0.00333.1 ± 0.534.2 ± 1.4*P*=0.34031.6 ± 0.631.2 ± 0.6*P*=0.664Triglycerides3.2 ± 0.12.9 ± 0.1*P*=0.09183.1 ± 0.13.1 ± 0.1*P*=0.9433.2 ± 0.12.8 ± 0.2*P*=0.1313.3 ± 0.23.0 ± 0.2*P*=0.246Serum lipid levels (mmol/l) at 12 months old (156 rabbits)Total cholesterol25.5 ± 0.521.2 ± 0.6*P*\<0.00123.1± 0.724.8 ± 0.5*P*=0.04925.4 ± 0.522.2 ± 0.9*P*=0.00625.5 ± 0.920.8 ± 0.8*P*\<0.001Triglycerides3.2 ± 0.13.1 ± 0.2*P*=0.7893.3 ± 0.23.1 ± 0.2*P*=0.5973.2 ± 0.22.9 ± 0.3*P*=0.5753.3 ± 0.23.2 ± 0.3*P*=0.853Serum lipid levels (mmol/l) at 24 months old (33 rabbits)Total cholesterol19.2 ± 1.518.1 ± 1.5*P*=0.68820.9 ± 1.818.1 ± 1.5*P*=0.24617.7 ± 1.919.7 ± 2.0*P*=0.597723.2 ± 1.815.4 ± 1.9*P*=0.034Triglycerides2.9 ± 0.22.5 ± 0.3*P*=0.3883.0 ± 0.52.7 ± 0.2*P*=0.4373.1 ± 0.22.8 ± 0.2*P*=0.8942.8 ± 0.52.0 ± 0.1*P*=0.257Aortic surface lesion area (%)\*10--16 months old86 ± 1.484 ± 2.4*P*=0.57983 ± 1.788 ± 1.6*P*=0.06089 ± 1.78583 ± 2.083 ± 2.5*P*=0.52217--22 months old88 ± 1.386 ± 1.4*P*=0.23385 ± 1.489 ± 1.3*P*=0.02590 ± 1.588 ± 2.5*P*=0.32485 ± 2.185 ± 1.8*P*=0.90023--29 months old93 ± 0.890 ± 2.1*P*=0.08192 ± 2.093 ± 0.8*P*=0.95693 ± 1.092 ± 1.0*P*=0.21794 ± 0.688 ± 4.9*P*=0.242Data are presented as the mean ± standard error of the mean. \*The aortic surface lesion area (%) was calculated by dividing the lesion area by the area of the lumen surface of the entire aorta. Statistical analyses were performed with the Mann-Whitney U-test. and [Supplemental Table 1](#pdf_001){ref-type="supplementary-material"}). Rabbits were bred at the Institute for Experimental Animals, Kobe University Graduate School of Medicine. Rabbits were housed individually in metal cages (550 mm × 600 mm × 450 mm; in width, depth, and height) with a flat metal floor and fed standard rabbit chow (LRC4, Oriental Yeast Co., Ltd., Tokyo, Japan) at 120 g/day. According to information from the manufacture, the chow contained 3.3% crude fat, 18% crude protein, 8% crude ash, 16% soluble nitrogen free extract, 14% crude fiber, and 0.002% cholesterol. The caloric content was 288 kcal/100 g. Animals were maintained under SPF conditions with a constant temperature (22 ± 2°C), relative humidity (50--60%), ventilation rate (15 cycles/hour), air supply (through a HEPA filter), and lighting cycle (12-h light/dark). This study was approved by the Kobe University Animal Care and Use Committee (approval numbers: P080110R, P100604, and P110512), and all animal experiments were conducted in accordance with the Regulations for Animal Experimentation of Kobe University, the Act on Welfare and Management of Animals (Law No. 105, 1973, revised in 2006), Standards Relating to the Care and Management of Laboratory Animals and Relief of Pain (Notification No. 88, 2006), and Fundamental Guidelines for the Proper Conduct of Animal Experiments and Related Activities in Academic Research Institutions under the Jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology (Notice No. 71, 2006).

Preparation of coronary sections
--------------------------------

Hearts were excised from rabbits euthanized with an intravenous injection of pentobarbital and from rabbits that had died suddenly ([Supplemental Table 1](#pdf_001){ref-type="supplementary-material"}). The hearts of euthanized rabbits were perfused with saline and then 10% buffered neutral formalin solution. The other hearts were immersion-fixed with 10% buffered neutral formalin solution without prior perfusion-fixation. Coronary sections were prepared as reported previously \[[@r23]\]. Fixed hearts were cut into 5 blocks and embedded in paraffin. Each block was sliced at 500-*µ*m intervals, and 20 four-micrometer-thick serial sections were prepared. In the present study, we examined the atherosclerotic lesions of the left circumflex arteries (LCXs). The LCXs of rabbits have a greater diameter and length than those of the left anterior descending artery \[[@r4]\], and atherosclerotic lesions develop more frequently in the LCX than in the left anterior descending artery in WHHLMI rabbits \[[@r11], [@r22], [@r24]\].

Histopathological and immunohistological staining of coronary lesions
---------------------------------------------------------------------

Sections were stained immunohistologically with monoclonal antibodies: RAM-11 (Dako A/S, Glostrup, Denmark), specific for rabbit macrophages/macrophage-derived foam cells \[[@r30]\]; 1A4 (Dako A/S), specific for the alpha actin of smooth muscle cells (SMCs); CD31 (Dako A/S), specific for arterial endothelial cells; DLH3, specific for oxidized phosphatidylcholine \[[@r10]\]; MMP-1 (Daiichi Fine Chemical Co., Ltd., Takaoka, Toyama, Japan); MMP-9 (Daiichi Fine Chemical Co., Ltd.), and MMP-12 (R&D Systems, Inc., Minneapolis, MN, USA), in addition to Elastic van Gieson and Azan staining. Immunohistological staining was performed using a DAKO EnVision+ kit according to the manufacturer's instructions and accompanied by a hematoxylin counterstain. In addition, as negative control staining, we used mouse IgG2a, IgG1, IgG2b, and IgM instead of MMP-1, MMP-9, MMP-12, and DLH3, respectively, at a concentration equivalent to that of each monoclonal antibody.

Classification of plaque types
------------------------------

In the present study, we classified coronary lesions observed under light microscope as fatty streaks; fibroatheromas, including early, intermediate, and advanced stages; fibrous lesions; thin-capped fibroatheromas; and advanced lesions showing few cell components, extracellular lipid deposition, and calcium accumulation in reference to the American Heart Association classification \[[@r27], [@r28]\] and classification by Virmani and co-workers \[[@r35]\]. Many intermediate types of lesions were not classified.

Evaluation of the degree of atherosclerosis
-------------------------------------------

The degree of coronary stenosis was evaluated microscopically as cross-sectional narrowing (%) by dividing the lesion area by the area surrounded by the internal elastic lamina. The extent of aortic atherosclerosis was evaluated macroscopically as a percentage of the surface lesion area by dividing the lesion area on the surface of the aortic lumen by the surface area of the aortic lumen. The evaluation of atherosclerotic lesions was performed someone other than the individual who analyzed coronary data.

Other assays
------------

After more than 12 h of fasting, total cholesterol and triglyceride levels in serum were assayed with dry chemistry using a Fuji Dri-Chem 3500SV (Fuji Film Co., Ltd., Tokyo, Japan) \[[@r38]\].

Statistical analyses
--------------------

Data are represented as the mean ± standard error of the mean (SEM). Statistical analyses were performed on mean values with Student's *t*-test, Welch's *t*-test, the Mann-Whitney U-test, or the Tukey-Kramer test and on frequencies with Fisher's exact probability test or the Mantel-Haenstzel test. A value of *P*\<0.05 was considered to be significant.

Results {#s3}
=======

Background data of WHHLMI rabbits
---------------------------------

[Table 1](#tbl_001){ref-type="table"} shows the background data of the WHHLMI rabbits examined in the present study. Serum cholesterol levels decreased significantly with aging, although there were no significant changes in triglyceride levels. Age-dependent decrease of serum cholesterol levels was previously found to be due to decrease of secretion of very-low-density lipoprotein cholesterol from the liver \[[@r21]\]. Serum cholesterol levels of females were higher than those of males, and those of rabbits that had died suddenly were higher than those of euthanized rabbits. [Figure 1](#fig_001){ref-type="fig"}Fig. 1.Development of coronary lesions in WHHLMI rabbits including both euthanized rabbits and rabbits that had died suddenly (panels A--C), and gender differences in coronary lesions (panels D--F). Open columns represent euthanized rabbits, and black columns represent rabbits that had died suddenly. A total of 8,092 sections in 5,200 segments from 187 rabbits were observed. Bars represent the standard error. Statistical analyses were performed with the Tukey-Kramer test in multiple comparison tests (panels A--C) and with the Mann-Whitney U-test in comparisons between rabbits euthanized and rabbits that had died suddenly (panels D--F). Values in parentheses represent number of rabbits examined. Bars indicate the standard error of the mean. shows age-dependent progression of coronary atherosclerosis. The percentage of sections with lesions (panel A), the percentage of sections with more than 75% stenosis (panel B), and maximum stenosis (panel C) increased significantly with aging. The gender differences were small, except in rabbits aged 10--16 months (panels D--F). In rabbits aged 10--16 months, sudden death was observed in only one male, while 20 females died suddenly ([Supplemental Table 1](#pdf_001){ref-type="supplementary-material"}). Since coronary lesions progressed in the sudden death group compared with rabbits euthanized ([Supplemental Fig. 1](#pdf_001){ref-type="supplementary-material"}), large gender differences in terms of coronary lesions in rabbits aged 10--16 months were due to the low incidence of sudden death in this age group. There were almost no significant gender differences in the degree of coronary lesions in rabbits that had died suddenly or rabbits that had been sacrificed ([Supplemental Table 2](#pdf_001){ref-type="supplementary-material"}) when analyzed independently. The incidence of sudden death increased significantly with aging, rising from 25% (21/84) in rabbits aged 10--16 months to 71.7% (33/46) in rabbits aged 23--29 months (*P*=0.008), although the age-related increase in the frequency was not statistically significant in analysis using either only females or males when analyzed independently ([Supplemental Table 1](#pdf_001){ref-type="supplementary-material"}), and gender differences in the incidence of sudden death were observed in rabbits aged 10--16 months ([Supplemental Table 1](#pdf_001){ref-type="supplementary-material"}). In every rabbits that had died suddenly, severe coronary lesions were observed serially, and myocardial lesions were observed in several rabbits. No other findings related to death were observed. These results suggest that these rabbits died from myocardial infarction or acute coronary syndromes.

Types of coronary lesions observed in WHHLMI rabbits
----------------------------------------------------

As shown in [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Frequency of various types of atherosclerotic lesions in coronary arteries in WHHLMI rabbits. Open columns represent female rabbits, and black columns represent male rabbits. We analyzed 84 rabbits aged 10--16 months old, 57 aged 17--22 months old, and 46 aged 23--29 months old. Frequency was calculated by dividing the number of sections with lesions by the number of sections examined. Statistical analyses were performed with Fisher's exact probability test., various atherosclerotic lesions from early to advanced types were observed in the same coronary arteries of WHHLMI rabbits. Gender differences were observed in the frequencies of fibrous lesion, fibroatheroma, and advanced lesions. These types of lesions increased with aging ([Supplemental Fig. 2](#pdf_001){ref-type="supplementary-material"}). Compared with euthanized rabbits, the frequencies of each lesion type other than early fatty streak were high in the rabbits that had died suddenly ([Supplemental Fig. 3](#pdf_001){ref-type="supplementary-material"}).

Morphological features of fatty streaks
---------------------------------------

[Figure 3](#fig_003){ref-type="fig"}Fig. 3.Representative photomicrographs showing a fatty streak of a male rabbit aged 21 months. Panels A--I show serial sections, and panels B--I are higher magnified views of the square area in panel A. Arrows indicate a macrophage attached to the plaque surface. 1A4 is a monoclonal antibody specific for smooth muscle cell actin. RAM-11 is a monoclonal antibody specific for rabbit monocytes and macrophages \[[@r30]\]. CD31 is a monoclonal antibody specific for arterial endothelial cells. DLH3 is a monoclonal antibody specific for oxidized phosphatidylcholine \[[@r10]\]. EvG, Elastic van Gieson staining. shows a representative fatty streak of WHHLMI rabbits. This lesion was observed at both ends of large plaques or a small focal lesion. Macrophages infiltrated the subendothelial region (panel D). SMCs and fibrous components were detected around macrophages (panels B and C). The internal elastic lamina disappeared in parts infiltrated by macrophages (panel A). A macrophage located in a gap between endothelial cells on the plaque surface (panels D and E) was also positive for MMPs and DLH3-positive oxidized LDL (panels F--H).

Morphological features of fibroatheromas
----------------------------------------

[Figures 4A--4D](#fig_004){ref-type="fig"}Fig. 4.Representative photomicrographs of fibroatheromas from early to advanced stages: an early fibroatheroma (female, 19 months old, panels A--D), intermediate lesion between early and advanced fibroatheromas (female, 16 months old, panels E--L), and advanced fibroatheroma (male, 10 months old, panels M--P). Panels A--D, E--L, and M--P are serial sections. Panels F--L are higher magnified views of the square area in panel E. Arrows indicate where the elastic lamina disappeared. Arrowheads indicate necrotic cores. EvG, Elastic van Gieson staining. show an early fibroatheroma. A large number of macrophages accumulated in the intima (panel D), and layers with SMCs were thicker at the lesion surface (panel C) despite few fibrous components (panel B). These macrophages co-localized with the positive area of MMPs and DLH3-positive oxidized LDL (data not shown). The SMC content of the tunica media partly decreased, and the tunica media was attenuated at the affected site (panel J).

[Figures 4E--4H](#fig_004){ref-type="fig"} show an intermediate lesion between early and advanced fibroatheromas. Foam cells derived from macrophages were detected under the thick fibrous cap, but there was no necrotic core in the plaque. Some macrophages infiltrated the tunica media (panel H), and the internal elastic lamina disappeared (panel E). The SMC content of the tunica media decreased (panel G), and the tunica media protruded outward in the area in which macrophages accumulated (panels E-G). Macrophages and macrophage-derived foam cells collocated with the positive area of MMPs and DLH3-positive oxidized LDL (panels I--L).

[Figures 4M--4P](#fig_004){ref-type="fig"} show an advanced fibroatheroma. A fibrous cap was formed at the plaque surface (panels N and O). The fibrous cap covered a lipid core (arrowheads in panels M, N, and P) and clusters of macrophage-derived foam cells (panel P). One lipid core was also positive for RAM-11 (panel P), suggesting that it was derived from the debris of macrophage-derived foam cells. The tunica media was partly attenuated (arrow in panel O).

Morphological features of apparently vulnerable coronary lesions
----------------------------------------------------------------

[Figure 5](#fig_005){ref-type="fig"}Fig. 5.Representative photomicrographs of thin-capped fibroatheromas. Panels A--L (female, 16 months old) and M--P (male, 25 months old) are serial sections. IgG2a (panel I), IgG1 (panel J), IgG2b (panel K), and IgM (panel L) were used instead of MMP-1, MMP-9, MMP-12, and DLH3, respectively, for negative control staining. shows plaques with a large necrotic core containing cholesterol clefts (panels N and P), macrophage-derived foam cells, and macrophage debris covered by a thin fibrous cap (panels A--L, and M--P). In the thin fibrous cap, the density of fibrous components and/or 1A4-positive SMCs was low (panels B, C, N, and O), and MMP-positive macrophages accumulated (panel D). In panel N, a large number of red blood cells were observed under the thin fibrous cap. However, the rupture site was not detected in serial sections.

Morphological features of fibrous lesions
-----------------------------------------

[Figure 6](#fig_006){ref-type="fig"}Fig. 6.Representative photomicrographs of fibromuscular lesions. Panels A--D (female, 10 months old) and E--L (female, 16 months old) are serial sections. shows representative fibrous lesions. One is a mild lesion (panels A--D), and the other is a progressed lesion (panels E--L). These lesions were occupied by fibrous components and 1A4-positive SMCs (panels B, C, F, and G), and macrophages were observed on the plaque surface (panels D and H). These macrophages were positive for MMPs (panels I--K) and DLH3-positive oxidized LDL (panel L). Layers of macrophages (panel H) or small lipid deposits were also located between layers of fibrous components (panels E and F) and/or SMCs (panel G).

Morphological features of advanced coronary lesions
---------------------------------------------------

[Figure 7](#fig_007){ref-type="fig"}Fig. 7.Representative photomicrographs of an advanced coronary lesion (female, 19 months old). Panels A--L are serial sections. Panel D is a higher magnified view of the square area in panel C. Arrows in panel B indicate calcium accumulation. In panel D, arrows indicate the vasa vasorum, and arrowheads indicate the internal elastic lamina. In panels E--H, arrows indicate positive cells for MMPs and DLH3. IgG2a, IgG1, IgG2b, and IgM were used instead of MMP-1, MMP-9, MMP-12, and DLH3, respectively, for negative control staining. shows a representative advanced lesion with few cell components, calcium accumulation, extracellular lipid deposits with foam cell debris, cholesterol clefts, and the accumulation of fibrous components (panels A--C). The fibrous cap covered a large lipid core (panel A). Macrophages were detected at the surface and bottom of the intimal lesion (panel C) and co-localized with the positive area of MMPs (panels E--G) and DLH3-positive oxidized LDL (panel H). CD31-positive cells (endothelial cells) were detected (panel D) in the area in which macrophages were located at the bottom of the lesion.

Discussion {#s4}
==========

In WHHLMI rabbits, atherosclerotic lesions were observed in more than half of sections at 10--16 months old and expanded with aging. Progression of coronary lesions was prominent in rabbits that had died suddenly. In addition, the degree of coronary lesions of females was higher than that of males. Several types of lesions develop in the same coronary arteries. This feature of coronary plaques in WHHLMI rabbits resembles human coronary plaques, as reported previously \[[@r8], [@r27], [@r28], [@r32],[@r33],[@r34],[@r35]\]. MMPs were always positive in macrophages in coronary lesions regardless of the lesion type. The localization of MMP-positive macrophages plays a role in the features and growth of coronary plaques in WHHLMI rabbits.

In females, coronary lesions progressed, and the frequencies of fibroatheroma and advanced lesions were higher than those of males. These results are contrary to those in humans. In humans, estrogen plays an important role in prevention of atherosclerosis and decreases serum cholesterol levels \[[@r2]\]. In female rabbits, serum cholesterol levels were higher than those of males ([Table 1](#tbl_001){ref-type="table"}). These high serum cholesterol levels may influence the progression of coronary atherosclerosis and the high frequency of fibroatheroma and advanced lesions.

Fatty streaks ([Fig. 3](#fig_003){ref-type="fig"}), early lesions observed in WHHLMI rabbits, may correspond to type II in the AHA classification \[[@r27], [@r28]\] and intimal xanthoma in Virmany's classification \[[@r35]\]. In humans, the frequency of fatty streaks was previously reported to increase from 5% in adolescents (16--20 years old) to 17% in mature adults (41--45 years old) \[[@r33]\], suggesting the continuous occurrence of atherosclerotic lesions. Similar to in humans, fatty streaks were observed in all age groups of WHHLMI rabbits. Velican *et al*. \[[@r34]\] also reported that most coronary lesions in adult humans originated as a pre-existing intimal bed (physiological intimal thickening) due to the proliferation of SMCs. There is no physiological intimal thickening in the coronary arteries of mice and rabbits, which represents a prominent difference in coronary lesions between humans and other animals. Although Virmany *et al*. \[[@r35]\] speculated that xanthomatous lesions observed in childhood regressed, xanthomatous coronary lesions with severe stenosis were reported in a 4-year-old boy with homozygous familial hypercholesterolemia \[[@r36]\]. The xanthomatous coronary lesions observed in the boy with familial hypercholesterolemia resembled early fibroatheromas in WHHLMI rabbits, as shown in [Figs. 4A--4D](#fig_004){ref-type="fig"}.

Fibroatheromas ([Fig. 4](#fig_004){ref-type="fig"}) correspond to types IV and V in the AHA classification \[[@r27], [@r28]\] and fibrous cap atheromas in Virmany's classification \[[@r35]\]. Early fibroatheromas ([Figs. 4A--4D](#fig_004){ref-type="fig"}) were not classified in human coronary plaques. These lesions may be the early stage of fibroatheromas because of the presence of an SMC-rich fibrous cap. After collagen fibers had been synthesized by SMCs at the plaque surface, clusters of macrophage-derived foam cells were covered by a fibrous cap ([Figs. 4E--4L](#fig_004){ref-type="fig"}); however, few lipid cores or small amount of foam cell debris was observed in the intima. These lesions may proceed to advanced fibroatheromas, which are characterized by the presence of a fibrous cap and necrotic core/foam cell debris surrounded by macrophage-derived foam cells ([Figs. 4M--4P](#fig_004){ref-type="fig"}). These fibroatheromas were observed in coronary arteries in WHHLMI rabbits, and their frequency increased in an age-dependent manner ([Fig. 2C](#fig_002){ref-type="fig"}).

Thin-capped fibroatheromas ([Fig. 5](#fig_005){ref-type="fig"}) correspond to thin fibrous-cap atheromas in Virmany's classification \[[@r35]\], but are not classified in the AHA classification \[[@r27], [@r28]\]. In humans, the rupture of coronary plaques was previously reported to frequently occur in thin-capped fibroatheromas \[[@r13], [@r18], [@r32], [@r35]\], and the thickness of the fibrous cap was less than 65 *µ*m in 95% of the ruptured plaques \[[@r13]\]. Therefore, this lesion is considered to be a rupture-prone plaque in humans \[[@r3], [@r13], [@r15], [@r18], [@r32], [@r35]\]. MMPs hydrolyze collagen fibers and are involved in the destabilization of atherosclerotic plaques \[[@r3], [@r15]\]. Although many MMP-positive macrophages were observed in the thin fibrous cap ([Figs. 5](#fig_005){ref-type="fig"}A--[5](#fig_005){ref-type="fig"}H), the morphological changes associated with plaque rupture were not observed in WHHLMI rabbits. In addition, Newby \[[@r17]\] reported that plaque rupture reported in mice is not considered to reflect true rupture. In our previous studies, coronary plaques in WHHLMI rabbits were ruptured after provocation of coronary spasms \[[@r19]\] and after treatments with angiotensin II \[[@r14]\]. Therefore, additional factors other than thin-capped fibroatheromas may play important roles in rupture of coronary plaques.

Fibrous lesions ([Fig. 6](#fig_006){ref-type="fig"}) were observed in most WHHLMI rabbits, and corresponded to type Vc in the AHA classification \[[@r27], [@r28]\] and pathological intimal thickening or intimal thickening in Virmany's classification \[[@r35]\]. The accumulation of macrophages on the plaque surface and the lamellar structure, consisting of fibrous components and macrophage-lipid layers, suggest that the infiltration of macrophages is involved in the growth of lesions toward the lumen, in addition to SMC proliferation. Virmany *et al.* \[[@r35]\] described these lesions as a bed for the development of erosion. However, we did not detect erosion on the surface of fibrous lesions. Unknown additional factors may play important roles in the provocation of erosion.

Advanced lesions ([Fig. 7](#fig_007){ref-type="fig"}) corresponded to type Vb in the AHA classification \[[@r27], [@r28]\] and fibrocalcific plaques in Virmany's classification \[[@r35]\]. Macrophages accumulated at the bottom of plaques and lines of CD-31-positive cells (endothelial cells) were observed at an adjacent area. These results suggest that macrophages at the bottom of plaques infiltrate through the vasa vasorum, participate in attenuating the coronary arterial wall, and are involved in the formation of a lipid core.

MMP-positive macrophages or macrophage-derived foam cells were observed in early to advanced coronary lesions. On the surface of coronary fatty streaks, MMP-positive macrophages were detected in gaps among endothelial cells ([Fig. 3](#fig_003){ref-type="fig"}). These macrophages may infiltrate the subendothelial region, and MMPs may play a role in passing through the endothelial line, as reported by Duran-Vilaregut *et al.* \[[@r5]\]. MMP-positive macrophages/macrophage-derived foam cells were observed among fibromuscular layers in plaques ([Fig. 6](#fig_006){ref-type="fig"}) and plaque surfaces ([Figs. 4](#fig_004){ref-type="fig"} and [6](#fig_006){ref-type="fig"}). These lesions suggest that the repetition of MMP-positive macrophage infiltration and the covering of macrophage/macrophage-derived foam cell layers by fibromuscular layers is involved in plaque growth. MMP-positive macrophages were also detected at the bottom of intimal lesions, even in fibrous lesions ([Fig. 6](#fig_006){ref-type="fig"}), in addition to several other types of lesions ([Figs. 3](#fig_003){ref-type="fig"}, [4](#fig_004){ref-type="fig"}, and [7](#fig_007){ref-type="fig"}). In areas in which MMP-positive macrophages had infiltrated the tunica media, the internal elastic lamina disappeared, and the tunica media protruded outward. The diameter of coronary segments exhibiting these features was larger than that of proximal segments lacking lesions (data not shown). The present results suggest outward remodeling \[[@r26]\]. In the present study, every macrophage was positive for MMP-1, 9, and 12.

Early fibroatheromas, which contain a large number of macrophages in their plaques, also developed in WHHLMI rabbits ([Fig. 4](#fig_004){ref-type="fig"}). However, a thick layer of SMCs covered the intimal macrophage pool. Therefore, these plaques appear to be difficult to disrupt. The present results suggest that not every macrophage-rich lesion is vulnerable.

Limitations of the present study
--------------------------------

In immunohistological staining, the myocardium was also positive for MMPs and DLH3 ([Figs. 5E--5H](#fig_005){ref-type="fig"}, [Figs. 6I--6L](#fig_006){ref-type="fig"}, and [Figs. 7E--7H](#fig_007){ref-type="fig"}). In negative control staining using corresponding immunoglobulins, there was no positive area ([Figs. 5I--5L](#fig_005){ref-type="fig"}, and [Figs. 7I--7L](#fig_007){ref-type="fig"}). Furthermore, the mRNAs and/or proteins of MMPs have been detected in the myocardial cells of rabbits \[[@r12]\] and humans \[[@r31]\]. In addition, Ekmekcioglu *et al.* \[[@r6]\] reported that oxidized LDL has been shown to be present in human ventricles. Therefore, the specificity of the antibodies for MMPs and DLH3 used in the present study was adequate.

In the aortic lesions of WHHL rabbits, the expression of mRNAs for MMP-9 and the MMP-9 protein was not increased compared with the expression of those in the normal aorta \[[@r40]\]. However, in the present study, the intensity of staining for MMP-9 was very strong in coronary lesions but was negative in coronary arterial walls without lesions ([Figs. 6I--6L](#fig_006){ref-type="fig"}). The reason for this difference currently remains unknown. The expression of MMPs in coronary lesions may differ from that in aortic lesions.

In conclusion, the morphological features of coronary plaques in WHHLMI rabbits resemble human coronary lesions. Immunohistological results on coronary plaques suggest that MMP-positive macrophages are involved in the initiation, progression, and destabilization of coronary plaques as well as in coronary outward remodeling, even in WHHLMI rabbits. Therefore, the WHHLMI rabbit is a suitable animal model to study coronary atherosclerosis.
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